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(57) ABSTRACT 

A flow diode configured to permit fluid flow in a first direction 
while preventing fluid flow in a second direction opposite the 
first direction is disclosed. The flow diode prevents fluid flow 
without use of mechanical closures or moving parts. The flow 
diode utilizes a bypass flowline whereby all fluid flow in the 
second direction moves into the bypass flowline having a 
plurality of tortuous portions providing high fluidic resis-
tance. The portions decrease in diameter such that debris in 
the fluid is trapped. As fluid only travels in one direction 
through the portions, the debris remains trapped in the por-
tions. 

19 Claims, 6 Drawing Sheets 
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FLOW DIODE AND METHOD FOR 
	

tion of the microfluidic bypass flowline can be shaped to only 
CONTROLLING FLUID FLOW ORIGIN OF 

	
transport fluid in a second direction opposite the first direc- 

THE INVENTION 
	

tion. Nearly all of the fluid flow in the second direction pass- 
ing through the exit of the first portion can pass into an entry 

ORIGIN OF THE INVENTION 
	

5  of a second portion of the microfluidic bypass flowline. 
In yet another embodiment of the disclosure, a method is 

The invention described herein was made by employees of 
	

disclosed. The method can transport fluid through a main 
the United States Government and may be manufactured and 

	
flowline in a first direction from a first end of a flow diode to 

used by or for the Government for Government purposes 	a second end of a flow diode, and can move the fluid in a 
without the payment of any royalties thereon or therefore. 	10 second direction opposite the first direction. Furthermore, the 

method includes preventing the fluid from passing out of the 
BACKGROUND OF THE DISCLOSURE 

	
flow diode by providing a bypass flowline in fluid communi- 
cation with the main flowline. The bypass flowline can have a 

In many fluid transport applications, it is advantageous to 	plurality of portions each having an entry and an exit in fluid 
permit fluid flow in one direction while preventing reverse 15  communication with the main flowline. The exit can be 
flow. This function is generally provided by a valve having a 	located at a linear distance from the entry. A diameter of at 
mechanical closure configured to move against a wall of the 	least one of the plurality of portions can be greater at the entry 
valve to prevent fluid flow in one direction. 	 than at the exit. The method can include trapping debris in the 

For example, a check valve, clack valve, non-return valve 	bypass flowline. The first portion of the plurality of portions 
or one-way valve is a mechanical device that permits fluid to 20 of the bypass flowline comprises at least two flow channels 
flow through it in only one direction. Check valves are two- 	sized to trap the debris, and each of the flow channels can have 
port valves, meaning they have two openings in the body, one 	a diameter smaller than a diameter of the entry of the first 
for fluid to enter and the other for fluid to leave. There are 	portion. The flow channels are positioned between the entry 
various types of check valves used in a wide variety of appli- 	and the exit of the first portion, and at least a portion of the 
cations. 	 25  fluid passing through the first portion passes through the at 

Check valves are also frequently used to control fluid pres- 	least two flow channels. 
sure in a cavity or across a fluid conduit. Fluid is permitted to 
flow in one direction until a certain, predetermined pressure is 

	
DESCRIPTION OF DRAWINGS 

achieved. Then, the valve actuates to prevent fluid movement 
into the cavity or conduit. 	 30 	FIG. 1 illustrates fluid flowing in a first direction in a flow 

No matter what application, reliability of valves is essential 
	

diode in an embodiment of the disclosure. 
for proper operation and for maintaining the pressure. Very 

	
FIG. 2 illustrates fluid flowing in a second direction, oppo- 

often if the fluid contains particles or debris, the mechanical 
	

site the first direction of FIG. 1, in a flow diode in an embodi- 
closure becomes stuck such that it becomes a barrier for the 	ment of the present disclosure. 
fluid flowing in the desired direction. In addition, like any 35 	FIG. 3 illustrates a flow diode with a bypass flowline hav- 
mechanical component with moving parts, one of the 

	
ing multiple flow channels in an embodiment of the present 

mechanical parts may fail. Depending on the application, 	disclosure. 
such a mechanical failure can cause further damage to the 

	
FIG. 4 illustrates a flow diode positioned between a first 

respective system orpossibly even failure of an entire system. 	component and a second component in an embodiment of the 
Accordingly, there is a need in the industry for an apparatus 40 present disclosure. 
for controlling fluid flow having improved reliability and/or 

	
FIG. 5 is a graphical representation illustrating relative 

fewer mechanical components. 	 fluid flow in the first direction and the second direction in an 
embodiment of the present disclosure. 

SUMMARY OF DISCLOSURE 
	

FIG. 6 is an illustration showing the microfluidic flowlines 
45 etched into a substrate. 

In an embodiment of the disclosure, a flow diode compris- 
ing a main flowline configured to transport fluid in a first 

	
DETAILED DESCRIPTION OF EMBODIMENTS 

direction from a first end of the flow diode to a second end of 
	

OF THE DISCLOSURE 
the flow diode is disclosed. The flow diode can have a bypass 
flowline having a plurality of portions in fluid communication 50 	Embodiments of the present disclosure generally describe 
with the main flowline. Each of the plurality of portions can 	a flow diode and method for controlling fluid flow. While 
have an entry and an exit in fluid communication with the 	embodiments of the present disclosure are described as being 
main flowline. The exit can be located at a linear distance 

	
implemented in an engine, such as a stirling engine, a person 

from the entry, and the exit and the entry can be positioned 
	

having ordinary skill in the art will appreciate that the flow 
between the first end and the second end of the flow diode. A 55 diode may be implemented into numerous systems in various 
diameter of each of the portions can be greater at the entry 

	
industries. For example, the flow diode may be implemented 

than at the exit. Nearly all of the fluid transported in the first 
	

into any system in which the control of fluid flow may be 
direction can pass through the main flowline, and nearly all of 

	
desired, or any system where it is desirable to control the 

the fluid transported in a second direction opposite the first 
	

direction of fluid flow, such as limiting movement of fluid 
direction can pass into the bypass flowline. 	 60 flow in only one direction. The flow diode may be used in any 

In another embodiment of the disclosure, a microfluidic 	system in which it may be beneficial to trap or collect debris. 
main flowline can transport fluid in a first direction and can be 

	
FIG. 1 illustrates a flow diode 10 having an axial, linear 

shaped to minimize pressure change along the microfluidic 
	

length defined between a first end 12 and a second end 14. The 
flowline. A first portion of a microfluidic bypass flowline can 

	
flow diode 10 can be used to transport fluid along the axial 

have an entry and an exit in fluid communication with the 65 length between the first end 12 and the second end 14. As 
main flowline, the entry and the exit can be separated by a 	shown in FIG. 1, the fluid may travel in a first direction from 
longitudinal distance along the main flowline. The first por- 	the first end 12 to the second end 14 of the flow diode 10. The 
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4 
first direction is generally along a longitudinal axis of the flow 
diode 10 in a direction from the first end 12 to the second end 
14. In one or more embodiment, the flow diode 10 can be used 
to permit fluid flow in the first direction while preventing fluid 
flow beyond the second end 14 in a second direction opposite 
the first direction. For example, fluid can flow in the first 
direction from the first end 12 to the second end 14 and out of 
the flow diode 10. Fluid can flow from the second end 14 in 
the second direction toward the first end 12 and be prevented 
from exiting the flow diode 10 beyond the second end 14. The 
second direction is generally along the axis of the flow diode 
10 in a direction from the second end 14 to the first end 12. 
The flow diode 10 can prevent all or at least nearly all of the 
fluid from exiting the flow diode 10 in the second direction. 
The fluidic resistance to fluid flow in the second direction may 
be substantially greater than the fluidic resistance in the first 
direction. In the first direction, it may be advantageous for the 
fluidic resistance to be minimized in the first direction such 
that fluid can flow through the flow diode 10 with only neg-
ligible or minimum pressure loss. 

A main flowline 20 extends from the first end 12 to the 
second end 14. The main flowline 20 can be substantially or 
completely straight between the first end 12 and the second 
end 14. For example, a cross-section of the main flowline 20, 
as shown in FIG. 1, illustrates that the edges 22 of the main 
flowline 20 are parallel along the entire axial length of the 
flow diode 10. As a result, pressure loss is minimized for fluid 
traveling through the main flowline 20. The main flowline 20 
is sized and shaped such that nearly all fluid flow in the first 
direction moves through the main flowline 20. The size and 
shape of the main flowline 20 may be based on a type of fluid 
passing through the main flowline 20, such as liquid or gas. 
The size and shape of the main flowline 20 may be based on 
a properties of or composition of the fluid passing through the 
main flowline 20, non-limiting examples of which include 
molecular composition, molecular weight, viscosity, pres-
sure, temperature and density. 

A bypass flowline 30 is positioned between the first end 12 
and the second end 14 of the flow diode 10. The bypass 
flowline 30 is a flowline sized and shaped to receive fluid flow 
in the second direction opposite the first direction, as shown in 
FIG. 2. In an embodiment, all or at least nearly all of the fluid 
flowing in the second direction flows into the bypass flowline 
30. The bypass flowline 30 is sized and shaped to provide 
fluidic resistance such that fluid flow out of the fluid diode 10 
in the second direction is completely or nearly completely 
prevented. Advantageously, the bypass flowline 30 prevents 
fluid flow out of the fluid diode 10 without any moving com-
ponents or parts. 

The bypass flowline 30 may include one or more portions 
40 -47 in fluid communication with the main flowline 20. The 
portions 40 -47 may be positioned on opposing sides of the 
main flowline 20. Each of the portions 40 -47 may have an 
entry 50 and an exit 52 in fluid communication with the main 
flowline 20. The exit 52 and the entry 50 may be in fluid 
communication with the main flowline 20 at different axial 
positions. As an example, the entry 50 and the exit 52 may be 
separated by an axial length or linear distance. A diameter of 
each of the portions 40 -47 can be greater at the entry 50 than 
at the exit 52. The diameter of each of the portions 40 -47 may 
decrease from the entry 50 to the exit 52. A shape of the entry 
50 may be selected based on properties of the fluid, such as 
state, type, composition, viscosity, density, molecular weight 
and etc. The size and shape of the entry 50 can be selected 
such that nearly all fluid flowing in the second direction 
passes into the bypass flowline 30. 

The entry 50 and the exit 52 provide an opening permitting 
flow from the bypass flowline 30 across the main flowline 20. 
The bypass flowline 30 may provide a tortuous path for fluid 
flow. The portions 40-47 can each have a shape to create 

5 substantial fluidic resistance, which may include on or more 
bends, curves or turns. For example, as shown in FIGS.1 and 
2, the portions 40 -47 have a half-heart shape such that from 
the entry 50 of each of the portions 40 -47, the portions 40-47 
extend away from the main flowline 20 and in the radial 

io direction (e.g. away from the longitudinal axis) and then 
extend into fluid communication with the main flowline 20 at 
the exit 52. While the fluid flowing in the second direction is 
generally moving through the bypass flowline 30 from the 
second end 14 to the first end 12, the fluid flowing through one 

15 of the portions 40 -47 can be moved in a number of directions 
before passing into a subsequent one of the portions 40 -47 
closer to the second end 14 of the flow diode. For example, the 
portions 40 -47 as shown in FIGS. 1-3 has a first section 
generally moving the flow at an acute angle with respect to the 

20 second direction and then moving the flow at an acute angle 
with respect to the first direction prior to exiting one of the 
portions 40-47 at the exit 52. 

The exit 52 of one of the portions 40-47 can align with the 
entry 50 of another one of the portions 40-47. For example, 

25 the exit 52 of a first portion 40 can align with the entry 50 of 
a second portion 41. The first portion 40 and the second 
portion 41 may be separated by the main flowline 20. The 
portions 40 -47 may be positioned such that fluid may cascade 
into one of the portions 40 -47 and into an adjacent one of the 

30 portions 40 -47. In the second direction, all or at least nearly 
all of the fluid flowing out of the exit 52 of one of the portions 
40-47 can flow across the main flowline 20 and into the entry 
50 of one of the other portions 40 -47. For example, substan-
tially or nearly all fluid flowing out of the exit 52 of a first 

35 portion 40 can flow into an entry 50 of a second portion 41. 
The first portion 40 is positioned closer to the first end 10 than 
the second portion 41. Any fluid travelling through the exit 52 
of the first portion 40 and into the entry 50 of the second 
portion 41 may cross the main flowline 20. Fluid may con- 

40 tinue to flow in the second direction from the exit 52 of the 
second portion 41 and into the entry 50 of a third portion 42. 

FIG. 3 illustrates an enlarged view of the second portion 41 
in an embodiment of the disclosure. As shown in FIG. 3, a 
diameter of the entry 50 may be substantially larger than the 

45 exit 52. The entry 50 can have a substantially larger diameter 
than the portion 40-47 between the entry 50 and the exit 52. 
The diameter of the second portion 41, for example, may be 
constant about a highly deviated or angled section 54 of the 
second portion 41 and may decrease substantially from the 

5o highly deviated section 54 to the exit 52. For example, a 
diameter of the second portion 41 adjacent the exit 52 may 
decrease substantially such that debris or other undesirable 
material in the fluid may be prevented from passing into 
another one of the portions 42 -48 and the main flowline 20. As 

55 the diameter decreases toward the exit 52, the fluidic resis-
tance may increase to aid in preventing fluid flow in the 
second direction. 

FIG. 3 illustrates an example of one of the portions 40 -47, 
namely the second portion 41, having flow channels 55, 56 

60 that can receive fluid flowing through one of the portions 
40-47. The flow channels 55, 56 may only receive fluid flow- 
ing through one of the portions 40 -47, which may only occur 
when fluid is flowing in the second direction. Fluid flowing 
through the flow channels 55, 56 can only travel in one direc- 

65 tion, namely toward the exit 52 of one of the portions 40 -47. 
The flow channels 55, 56 can be internal or external with 
respect to the portions 40 -47. For example, the flow channel 
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55 may be internal with respect to the second portion 41 such 
that the flow channel 55 may partition or otherwise divide the 
flow of fluid moving through the second portion 41. The flow 
channel 56 may be external to the second portion 41 such that 
the flow channel 56 extends away from the second portion 41 
and diverts a portion of fluid traveling through the second 
portion 41. Part of the fluid flowing into the second portion 41 
can flow into the flow channel 55 and the remaining portion of 
the fluid can flow into the flow channel 56 and/or the second 
portion 41. The second portion 41 is illustrated as a non-
limiting example. It should be understood that one, two or 
more, or all of the portions 40 -47 may have the flow channels 
55, 56. Furthermore, it will also be appreciated by those 
having ordinary skill in the art that the disclosure shall not be 
deemed as limited to only two of the flow channels 55, 56, as 
any number of the flow channels 55, 56 may be utilized to 
provide resistance to fluid flow in the second direction and 
collect or filter debris in the fluid. The flow channels 55, 56 
may extend from the entry 50 to the exit 52 or only a section 
of the second portion 41, as shown in FIG. 3. 

The flow channels 55,56 may be sized to filter or otherwise 
collect debris in the fluid. The flow channels 55, 56 may each 
have a diameter smaller than the entry 50 and smaller than the 
diameter of the portions 40-47 between the entry 50 and the 
flow channels 55, 56. The diameter of the flow channels 55, 56 
may be sized smaller than a size of potential debris in the 
fluid. As a result, the debris can be lodged in the flow channels 
55, 56 and can be prevented from exiting the portions 40 -47. 
As the fluid flow through the flow channels 55, 56 can be in 
one direction only, the debris can remain trapped in the flow 
channels 55, 56. 

In an embodiment, the main flowline 20 and the bypass 
flowline 30 may be microfluidic flowlines. For example, the 
main flowline 20 and the bypass flowline 30 may be manu-
factured using any known method of manufacturing micro-
machines or microelectromechanical systems (MEMS), such 
as by an etching process. The main flowline 20 and the bypas s 
flowline 30 maybe formed by etching one or more substrates. 
For example, a first substrate having a first section of each of 
the main flowline 20 and the bypass flowline 30 may be 
etched and combined with a second substrate etched with a 
second section of each of the main flowline 20 and the bypass 
flowline 30. The first section can be a top half and the second 
section may be a bottom half of the main flowline 20 and the 
bypass flow line 30. The present disclosure should not be 
deemed to etching, wet or dry etching, in an embodiment 
where the main flowline 20 and the bypass flowline 30 are 
microfluidic flowlines. The main flowline 20 and the bypass 
flowline 30 may be formed as microfluidic flowlines in any 
method that is known or will be known by those having 
ordinary skill in the art of manufacturing microfluidic 
devices. 

FIG. 4 illustrates the flow diode 10 positioned between a 
first component 60 and a second component 62. The flow 
diode 10 may permit fluid from flowing in the first direction 
from the first component 60 to the second component 62. 
Fluid flow from the second component 62 to the first compo-
nent may be prevented by the flow diode 10. As mentioned 
above, the flow diode 10 may be incorporated into and/or used 
in many applications. One such non-limiting example is for 
use in a stirling engine, such as in the aeronautical industry. 
The flow diode 10 may be positioned between a fluid plenum 
60 and a compression space 62 of the stirling engine as shown 
in FIG. 4. 

In a non-limiting example, the flow diode 10 can be incor-
porated into a stirling engine between the fluid plenum 60 and 
the compression space 62. The main flowline 20 and the 

6 
bypass flowline 30 may be micro fluidic flowlines. In the case 
where the fluid is helium, the main flowline 20 may be 
approximately 100 microns in diameter, and the bypass flow-
line 30 may have an average diameter of 1-20 microns. The 

5  diameter of the bypass flowline 30 can decrease between the 
entry 50 and the exit 52 as previously set forth. It will be 
appreciated by those having ordinary skill in the art that the 
disclosure should not be deemed as limited to any dimension 
and that the dimensions provided herein are for explanatory 

10 purposes. In addition, the dimensions of the main flowline 20, 
the bypass flowline 30 and other components of the flow 
diode 10 can be modified depending on the type of fluid being 
transported therethrough. 

15 	FIG. 5 is a graphical representation illustrating that the 
flow diode 10 may be used to prevent nearly all fluid flow in 
the second direction. Fluid flow in the first direction is accom-
plished with minimal resistance. In the previous example, the 
helium gas can easily travel in the first direction between the 

20  fluid plenum 60 and the compression space 62. Flow in the 
second direction between the compression space 62 and the 
fluid plenum is prevented by the fluidic resistance of the flow 
diode 10. 

The fluidic resistance in the second direction is provided by 

25 the bypass flowline 30 having the plurality of portions 40-47 
each having the entry 50 and the exit 52. The exit 52 is located 
at a linear distance from the entry 50. A diameter of at least 
one of the plurality of portions 40 -47 is greater at the entry 50 
than at the exit 52. Debris may be trapped in the bypass 

30 flowline 30, such as in one of the flow channels 55,56 sized to 
trap the debris. Each of the flow channels 55, 56 can have a 
diameter smaller than a diameter of the entry 50. All or at least 
nearly all of the fluid moving out of the exit 52 of one of the 
portions 40 -47 can move into the entry of another one of the 

35  portions 40-47. 

The invention claimed is: 
1. An apparatus comprising: 
a flow diode comprising: 

40 	a main flowline configured to transport fluid in a first 
direction from a first end of the flow diode to a second 
end of the flow diode; 

a bypass flowline having a plurality of portions in fluid 
communication with the main flowline, each of the 

45 plurality of portions having an entry and an exit in 
fluid communication with the main flowline, the exit 
located at a linear distance from the entry, the exit and 
the entry positioned between the first end and the 
second end of the flow diode, wherein a diameter of 

50 each of the portions is greater at the entry than at the 
exit, and further wherein a majority of the fluid trans-
ported in the first direction passes through the main 
flowline and a majority of the fluid transported in a 
second direction opposite the first direction passes 

55 	into the bypass flowline. 
2. The apparatus of claim 1 wherein a majority of the fluid 

transported in the second direction and moving through the 
exit of a narrow region in the loop of a first portion of the 
plurality of portions moves into an entry of a wide region in 

60 the loop of a second portion of the plurality of portions. 
3. The apparatus of claim 1 wherein the plurality of por-

tions are shaped such that debris in the fluid is trapped in the 
plurality of portions adjacent the exit. 

4. The apparatus of claim 1 wherein the main flowline is 
65 straight and minimizes pressure change and fluidic resistance 

in the first direction between the first end and the second end 
of the flow diode. 
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5. The apparatus of claim 1 wherein fluid flow in the second 
direction has a fluidic resistance substantially greater than a 
fluidic resistance in the first direction. 

6. The apparatus of claim 1 wherein at least one of the 
plurality of portions has a plurality of flow channels each 
having a diameter less than a diameter of the bypass flowline 
at the entry, and further wherein each of the plurality of flow 
channels are sized to capture debris in the fluid. 

7. The apparatus of claim 1 wherein fluid flow in the second 
direction is forced into the bypass flowline and is substan-
tially prevented from passing out of the flow diode without 
any moving parts or components. 

8. The apparatus of claim 1 wherein the flow diode is a 
micro fluid flow diode and the main flow line and the second-
ary flow line are microfluidic flowlines positioned between a 
gas plenum and a compression space of a stirling engine. 

9. The apparatus of claim 8 wherein the microfluidic flow-
lines are etched into a substrate. 

10. An apparatus comprising: 
a microfluidic main flowline to transport fluid in a first 

direction and shaped to minimize pressure change along 
the microfluidic flowline; (and) 

a first portion of a microfluidic bypass flowline having an 
entry and an exit in fluid communication with the main 
flowline, the entry and the exit separated by a longitudi-
nal distance along the main flowline, wherein the first 
portion of the microfluidic bypass flowline is shaped to 
only transport fluid in a second direction opposite the 
first direction, wherein a majority of the fluid flow in the 
second direction passing through the exit of the first 
portion passes into an entry of a second portion of the 
microfluidic bypass flowline; and 

wherein the microfluidic bypass flowline has a greater 
diameter at the entry than at the exit. 

11. The apparatus of claim 10 wherein resistance to fluid 
flow in the second direction is substantially greater than the 
first direction. 

12. The apparatus of claim 11 wherein the main flowline is 
straight and minimizes pressure loss as fluid moves in the first 
direction from a first end to a second end of the flow diode. 

13. The apparatus of claim 10 wherein each portion has at 
least two flow channels in which fluid may move, each of the 
flow channels having a diameter smaller than a diameter of 
the bypass flowline at the entry, and further wherein the flow 
channels are sized to trap debris. 

8 
14. The apparatus of claim 10 wherein a diameter of the 

main flowline and a diameter of the bypass flowline at the 
entry and the exit is selected based on properties of the fluid 
being transported therethrough such that substantially all of 

5  the fluid in the second direction flows into the bypass flow-
line. 

15. A method comprising: 
transporting fluid through a main flowline in a first direc-

tion from a first end of a flow diode to a second end of a 
10 	flow diode; 

moving the fluid in a second direction opposite the first 
direction; 

preventing the fluid from passing out of the flow diode by 
15  providing a bypass flowline in fluid communication with 

the main flowline, the bypass flowline having a plurality 
of portions each having an entry and an exit in fluid 
communication with the main flowline, the exit located 
at a linear distance from the entry, wherein a diameter of 

20 at least one of the plurality of portions is greater at the 
entry than at the exit; and 

trapping debris in the bypass flowline, wherein a first por-
tion of the plurality of portions of the bypass flowline 
comprises at least two flow channels sized to trap the 

25  debris, each of the flow channels having a diameter 
smaller than a diameter of the entry of the first portion, 
the flow channels are positioned between the entry and 
the exit of the first portion, and further wherein at least a 
portion of the fluid passing through the first portion 

30 	passes through the at least two flow channels. 
16. The method of claim 15 wherein the fluid is prevented 

from moving in the second direction out of the flow diode 
based on the dimensions and shape of a first bypass flowline 

35  and a second bypass flowline. 
17. The method of claim 15 wherein the main flowline, a 

first bypass flowline, and a second bypass flowline are micro 
flowlines etched into a substrate. 

18. The method of claim 15 further comprising positioning 

40 
the first end of the flow diode adjacent a gas plenum and a 
second end of the flow diode adjacent a compression space of 
a stirling engine. 

19. The method of claim 15 wherein the first portion and 
the second portion are separated by the main flowline. 
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